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The purpoue of thin report is to describe the apparatus and techniques

used in some of the melting studies being conducted, and the results for

two metals teken with this apparatue - one which has been previously

e•.•inned, ad on,- whoce -neltirZB properties under pressure weire umknown.

The bauic Vart of z 'high prenurc system is the means of generation

of the pressure. In a liquid appiratus gf the type used by us, this is

called an intensifier. During the course of the measurements herein

reported, two different intensifiers were used, one rupturing in service.

The one used in the maJority of this work wee kindly lent to the author

by Dr. H.G. Drickamr of the University of Illinois. It consists of a ram of

about 4.5" ID, W'OD uhich drives * piston .654" in diameter Into a boro in

a lower piece. The stroke is 3.5" mm., and we were usually limited to Y'.

The bottom of the intensifier is closed by a plug which leads to a standard

Harwood 200,000 psi tubing connection. There is a great disadvantage to
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this particular intensifier, in that there is no bypass located in the

upper end of the cylinder for prepressurizing the entire system# to

achieve ma•imum utilization of the stroke of the high pressure piston,

and to return it to its initial position after the completion of the

experiment at hand.

Another minor inconvenience is the lack of an opening for the

introduction of a manganin wire resistance gage for the measurement of

pressure. This is overcome by the construction of a special cell, which

fits below the intensifier, and which carried the gage.

The other iutensifiers we lave used have been built along quite

similar lines. Tw have had ports for the manganin wire gauge in the

body of the intensifier itself, while the one currently in use does not

have this feature. Both of those with the port cracked in service, but

not due to its presence.

The moving seal in a plug of the Bridgman unsupported type, with a

seal ring of leather, uhich is backed on both sides by copper rings. The

design we use is a modification of that used by Drickamer and is entirely

satisfactory and shown in Fig. 1. Other packing materials have been used,

notably rubber and teflon, but the; do not last as long as the leather,

which needs replacement only once every couple of months, depending on

the frequency of use. To make the leather masher seal initially is

something of a trick, but after it is once sealed, it is leakproof. The

method used by us for the initial sealing of the leather is to fill the

system with hydraulic Jack oil, and pump as rapidly as possible to build

up tho piesnure. Tten the pressure is left in the neighborhood of 100,000

psi for about 15 minutes, at the end of which time, the packing rings have
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"Wcforrme.1 co becomie a perfect fit for the bore. and leaking ceases. The

tict thnt this packing is Light is demonmtrated by the fact thit we have

•hserved pressure changes of lees than 20 psi (about che limit of sensi-

tivit'ry of our ,•easureienLs; out of a total prescure of about 120,000 psi.

Cer petiods exrtecdin-, to 30 hours.

The cell ifr v.-ch thece melting studies have been carried out ws

constructed espcci&lly for this purpose. It is made from Carpenter 883

steel. which is a hot die steel, possessing excellent strength character-

t, ics to te-,pezaturcs on the order of 10000F. The OD is 3" and the ID

5" -The length of unable bore is 6". For use at the higher teffperatures

a special length of pressure tubing is used to conduct the pressure trans-

mitting fluid to the cell This is a piece of tubing, 11.5" long, of 883,

%hich is integral witi. a plug for one end of the vessel machined from a

,3olid bar Ii order to nmake the tubing, it was necessary to drill a 1/16"

Lole thraugh the bar, 833 is a difficult steel to drill in the annealed

,:,aditien. so for this operstion. the bar was first hardened to !lockwell

C 2e-30, rn.acitined, JrtU'ding the drilling, then re'Jrdened to Rockw*ell

C 45-4•8. and :-_&ch1ne( final toleranceo, The tuting is equipped with

ccolin(, fens u.hich t., inttegral with it. For the excellent machtict work

invnlved in the conntruccion of this piece, as ini all of the others used

or, Ohil project, I ai: deeply indebted to Mr. Gene Jo Scott, without whiose

.clp thin project wuld have been enortiously slowed.

1n order to ::if.t..ge the te..perature fluctuations in a high temp-

eoeture bth, it is necessary to stir it, and this is acconplLshed with

a stirrer which is attached directly to the cell, with beer!n,;s at the

top a:id bolttm:i,. Attaching the stirrer to the high pressure cell simplifier

the problt. of gettitii cell, stirrer. heater, and thermocouplen into the

Be'st v be0
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One quite vexing problem in the sealing of this cell.. Original| I y

'w tnrvedd to use the type of seals we normally use on our pressure

equip~awt, and whtich are described in the attached reprintý Due W an

orror .iA copying dimeusionx on the working drawings, the actual Meal

area is to big for an 0 ring seal. It is also not clear that an 0 ring

is a good idea at 5000C, for they will probably carbonize, and it is not

good to have carbon paticles floating arotmd in the pressure system.

A ==bar of different seals have been tried, 11 of then being

variations on the basic theme shown 1n Figure 2. The ring is initially

senled by forcing the plug in tightly against the ring, and as the

pressure is increased, the material of the ring begins to flow and as

the back of the ring is unsupported, this becomes a Bridgman unsupported

area seal, There are two drawbacks to this design, however, one being

that the initial seal is rather diff!cut to get, mid the second that

there are occasional leaks during the rapid heating of the cell, due to

differential thermal expansion of the cell and ring. For ring material,

brass is entirely satisfactory to maybe 200°C, and copper to a somewhat

lower temperature. Above 2000 Csteel mast be used, and we use a mild

steel for this purpose The rings are cut to be a very good fit for

the cylinder, occasionally a press or shrink fit, though this is not

Always necessary. Then the plug is screwed against the ring, and driven

home with a rather large force. This is usually accomplished by firmly

securing the cell in a chain pipe vise, putting a 24" crescent wrench on

the plug, and literally Jumping up and down on the end of the wrench.

Crude., but quite effective. The leaking during heating can mmetimes be

defeated by putting a sufficiently large pressure (6000-7000 bars) on the
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system jo the ring uaterals are quite plastic, and then heat. Also,

4uite often, after the o.ipletiou of heating, the leaking will stop. Very

rarel, does the leakage problet. becote sufficiently serious to demand the

replacing of the m.li. Measurenouts ar* never taken when there is a

de*'ectable leak in the system.

Ot.her variations on these seals have been tried, mainly in the line

of putting a softer material in front of the steel seal ring, to provide

an easier initial seal. Rubber, lead, and teflon cannot be used, due to

the large temperature range. Copper works well, but the advantage gained

is slight, and does not justify the extra trouble in making the seals.

Since the completion of the measurements discussed below, this cell

started cracking at she bore, probabV, due to a minute flaw. This ws

repaired by boring the cell out to a little over I", and shrink fitting

a liner in place. This liner is equipped wVici i.-r " .- i"- b ut

our experience, at elevated temperatures is still too L:mited with these

seals to know if they are satisfactory.

For the high temperature bath a mixture of Sodium. potassium and
1

lithium nitrates was used. This mixture started as a ternary eutectic

but as the size of the bath was increased, more salts were dumped in

without careful weighinE, so the mixture is no longer ideal. It is still

completely fluid below 1500 C, howver, The mixture is held in a stain-

less steel jacket which may be slipped around the pressure cell, with

the hea•er located at the bottou of the bath. This bath is rather con-

venient. It is not messy, is odorless, and transparent, and we have not

observed any corrosion of steel parts which have been immersed in it.

We have bad the entire bath and pressure 4ell to 5000C, and have subjected

samples of the bath to 6200C without any apparent decomposition.
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The circuit used for heating the bath is similar to one mentioned by

4,•@v end Ingland and consists of a coarse and fine control in the same

eater, This is accoplished by the use of two variace, both connected

u.. the saue power source, and connected in series, one being put through

a stop down transformer first. A glance at Fig. 3 will clarify this

circult. The step down transformer, which for us is a 115 v primary to

5 voLt secondary, permits an easy adjustment of the heater voltage to

X2 volts. When necessary the two variacs way be connected to a constant

voltage transformer, to reduce the effects of line voltage fluctuations.

With this arrangement it is aa easy matter to reduce the temperature fluc-

tuations in the bath to 0,10 at 5000C, and with a little juggling of the

voltages, considerably better than this may be obtained.. A 1000 watt

Nearer Is snore than sufficicite for this bath. This double varLac arrange-

ment is also convenient for a bath equipped with a thermostatic control, for

rhe thormostat may be set to actate the fine control of the voltage in

an on-off pattern.

Another circulit which requiLes some comnen I., that of the manganin

wire pressure gag•. The circuit we use in a fairly standard one, which

has been uaed in a member of 6ifferent laiuoratories for a number of

3years, and was first shown to the author by DZ, Hughes , and somewhat

different versions have been published by Warschaue: and Paul4. and

Tsiklis The circuit is shown in figure 4.. R4 is the noil of manganin

wire which Is located inside the pressure cell, and R6 Is a •lidevire

resistance. R5 is a resistance which is put into the bridge solely for

the purpose of convenience in setting the pressure scale, and is adjusted

to be equal to R6 to a few parts in 100,000. The ratio 1l/R2 can be

anything desired, but we used two matched resistors, 1&, R2, R3, and R4
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are all about 100 obian R3 is a decade box, with which the bridge is

approximately balanced with no pressure in the apparatus. R8 is a

resistance across this decade box, which serves as a fine control on

the zero of the bridge. It is clear frow the circuit that changing

R7 makes no change in the atr~ospheric prerstire balance of the circuit,

By a si-:,,le analysis of the balance condition of this bridge one

may easily show that-

R6R7  (R7 +-) y
4- R5 + R6 + R7 1000

where y is the total nurnber of scale divisions moved on the a] idewire

from the zero poin:_, the total number taken to 1-,; 1000,. and aus•ning

that the renistance of the slide-wire varies linearly with the nuhbcr of

scale divisions, For :.ianganin and a gold - 2,17. chromium alloy, the

resistance is a linear function of the pressure. so 4 R4 = R4 UP. ,,here

a is the pressure coefficient of resistance. Thus the eqoatlon shows that

the number of divisions moved is directly proportional to the pressurc-

One should nc -_ o that the values of R '3 - .' : o not appeir in the

above relaticnship. so the- do not aflect the change of ba.tlance under

pressure, The real advantage of this bridge is the presence of R5 . With

it the bridge may be zeroed at atmnospheric pressure, and th:tn the presýzro

in the s5:stem raised to a Inoumn value of the pressure -and fR7 adjusted

un'til the number of divistons corresponds to some conveieiut ýub multiple

of the pressure, in actual practice it is best to set R7 If there is

a roughly convenient scale, we u:;e 200 psi per divisi'n.. 3nd then calibrate

the cxact n.mibhr, Without !.5, one nmay not adjust Lh2 scale uade:: pressure

without altering the zero prcssuie b.alance, and the circnlt is a bigger

nuisance, and less accur..t., tO set up,
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One trouble with manganin gages is th ir tendency to drift. Much

of this drifting is caused by the changing of temperatures within the

room In our bridge R1, R2, R3 and R4 are all of manganin, so this

tendency Is lowered to a winirma,. We have observed drift rates as low

as I bar in 24 hours for periods up to 1 week and this is too smell to

affect most measurenents. If experiments are to be carried out over

a long time intervmtl, then this drifting could become annoying, and the

gold chromium is used, This is more stable, but has only about 1/3 of

the sensitivity.,

The slide w•re is a Leads and Northrup Kohlrausch slide wire, and

most of the bridge is built in the case of thin wire. Using 2 volts to

actuate the bridge, and a galvanometer of 003 microamps/mm, measureaents

may be made to about I - ., 5 bars at iny preusure with no trouble, If

grea&ter precision is needed, a higher bridge voltage may be used,

The fixed pniat for the calibration of the manganin manometer tq the

freezing pressure at 00 C of mercuxy This was originally measured by

Bridgman6 as 764¼- k,./cm2 , but more receit •n;,•,:='ementx have indicated
7

that this numner is low, for Zhokhovskii given 7715, &nd the most

recent and probably best value is given by Dodsor. 8 as 7723 1 2 kg/ c•2

We have adopted this last value for our work, and have taken it to be

7574 bars.

Recalibration of the marnganin wire gage is carried out periodically;.

and the entire operation consumes but a few hours., It has usually ,

done after several major explosions In our 1--1, but will be done per

indically e-en in their absence. For ;his purpose, 100-200 groms of

distilled mercury is placed in a steel cup within the pressure vessel,

and pressure transmitted to the mercury by petroleum ether, which does
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not becose too viscous under the conditions of calibration. The

aqvilihrtum pressure is approached from both above and below, and

the tw, readings must agree closely. Then the pressure is released

on the system and a correction applied for the drift of the zero of

the bridge if any exists. The difference in pressures from above and

below, for a typical experiment, is less than 18 psi (out of l1O,000),,

The calibration of the coil we are presently using has changed by 1

per cent during the course of our measurements, extending over a year

and a half. Host of this has been caused by the three or four =major

explosions to which the coil has been subjected. We consequently

estimate that the ac:curacy of our pres8ure racanurements is .1-.2

per cent, with a precision, daring the course of a given experiment,

of about one order of magnitude better. This is more than suffiaient

for our purposes.

In order to measure the volume of the syntem under pressure, a

means of measuring the position of the piston is needed, We use a

systems in which the piston position is read froi a vernier placed

come distance from the high pressure apparatus. i.e. on the other

side of the sAfety Wall, and which is actuated by a long piece of

picture wire, one leading to the piston, and a weight hanging on the

other end. The vernier may be read to the nearest -00111, which is

good enough.

Temperatures are measured by thermometers, if below 1000 C while

for higher temperatures a Chromel-Alumel Thermocouple proves to be more

convenient and accurate,. Its voltage is measured with a Leeds and

Northrup K2 Potentiometer. The couple is calibrated by comparison

against known melting points in some specially constructed cells,
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We are not at all happy with this calibration procedure, for some

irregularittes have shown up, and we are currently reexamining this.

k.iy changes tn the date below would be excremely minor, and probably

below e.perizntal error. We estimate the temperature accuracy to

be abjut .1 0 C.

For canvenience the K2 potentiometer, the manganin wire bridge,

L':e vernier, and the band pump which drives oil into the intensifier

are vert close to one another, so one person can comfortably operate

ihe entire system. The coarse and fine voltage control& for the

he•t.r ace _PIar at hand also,

The n-elbting ot the uzmple under invertigation is detected by a

o'•r-r of means- The usual method is to detect discontinuitie2 on the

P-1 urve at .co-n-itnt T, tlwugh durtriS the heating procens, one mwy

:-t<- itt by the dlecoraunity in the P-T curve at essentially constant

; The .,sAl course, at leaut rt the start of a new substance, ran

I I- I g s fo1lo ws: ý irst the ameple is put into the apparatus, and

(.oe P--.-urs! raised t, 50.000 - 100,000 psi to seat all of the oeals.

Thtet t_.c- hesting proc.ess was started, and the pressure watched as a

tfuctton of time. Uuluall te d!d not reach the desired operating temp-

P.ecr-te before melting set In, This wks announccd by a pronounced

rtit in the rACe of change of pressure with time. Then the heating was

r_ýs.Illy stopped, and the temperature allowed to settle to a constant

-alue Tbeit iif not all of the sample had melted, the pressure was

recurd.. l, and if it had all melted, the pressure was raised enough

tc scart the freezing process, and another intermal alloved for equili-

ita DC be aLteined, before the pressure was recordod. It must be
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mphasized that the values of the melting point are equilibrium values,

and represent readings taken when neither the pressure nor temperature

were ch=ni-ng.

Another method ws to heat the system to the desired temperature,

and then start increauing the pressure from some camall value. and plotting

the piston position against pressure, with maybe a five minute wait

between the success!';-. pressure Increases. Freezing is announced by the

sudden change in the curve. With this method, there is always a tendency

to -.ubcool, but this haun't been too bothersome in the present u*rk.

This subcooling is noz present if the pressure is released on the solid,

until melting sets In.

DATA

The first tuo iae•als run with this apparat'. were tin and selenium.

"tn %s chosen becausa It hns been do-ae before9 1,t011. ao we kneL- -what

!:a expcct.: and cou- -e it as a check on our - Sele.i= wz•s chosen

hcc••vgc it haan't beU.. done before.

'in, The tin us-.d was a Fisher Cartified Reagent ihot, and 'm of

about 99.97 per cent purity, Incidently, the experimental err3r in work

oif this type is larie enough to mask the preaenr-e of a few hundredths of

4 per ccnt of !iurity, and there is not much pcint in gettLng material

of extreme purity. The main effect of a small r.niount of impurity Is

to rounut the cornaru of the disconunity, in the P-V curve, and to slow

the reaction somewhat. The rounding is barely perceptable in this work.

The me o,-rem..nu were uade in several set-upe, all with the ame

s£epl,!. The tin %me containad in a ctainless steel cup, and the pressure

Best Available Copy
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tranmitted by kerosene. The thermal expansion of kerosene is not well

known in this region of pressure and temperature, so no serious attempts

were made to measure the change of volume on melting, since Butuzov'a

work indicates that any variation of this would be small

The data points as ,tak•n must be corrected, for the manganin wire

bolder heats somewhat due to the hot air rising from the furnace. Con-

sequently it is necessary to apply a small correction to the readings

as taken for the change of resistance of the manganin wire gage due to

heating. This correction is eaprimemtally determined, and is only about

1.5 bars per degree.

The data points, fully corrected, are shown in figure 5. The departure

from linearity in this range is mall, but quite detectable. The data

points have been fitted to a Simon type of equation, by a least squares

method. This has been programaed for the local IBM 650 computer, and has

been applied to a large number of substances. This will be dealt with in

a forthcoming technical report. The results of the fit are:

P/38,380 bars - (T/505.05)3 C -I Tin ° K

This comparea rather well with the cork of Butuzov, where the

exponent is 3.924, and the other parameter 40,334 bars, but not so well

with that of Dudley and Hally, whose data give 4,146 and 35,675 bars. The

reasons fcr disagreement with Mall are not too clear. His pressure trans-

mLttiag madium is a solid, and there are non hydrostatic forces at play

which can shift the transition somewhat, and also there could be a small

non-lLnearLty in his pressure scale. The whole matter will be discussed

in a later report.
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r-,e standard deviaties of these points is 190 bars. which seems

-1- tAP Ni bt, translated Late a tnerature error, this maounts to

_ ••-., is fsigure is a bit high, but may be asitly explained

, tr tact that tin was the first metal Investigated in this lab, and, ot
jels icitng curve was known before we started, not as w -h importance

s attached to these mesaurumts as 'as to those on selmnium. The

stranard deviation of 3tuwwa•ev measurement is about 124 bars.

Selenium, This wag from Satgent and Co. and of unstated purity. Its

4or. purity use shown by the high melting point at atmospheric prAssure,

* ,, by the sharpness of melting.

Selenium displays a comp1l polymorphiam, there being several known

"form,. we were primarily interested In the hexagonal form. which is

tL. mlost metallic of the forms, and the most stable. The selenium was

melted into the stainless steel cup, and cooled quickly. Host of the

selenium thus prepared was in the srphour state. It was put into rho

system, the pressure and tmtpr-:.,re raised to the vicinity of the

melttng curve at around 4000 bars. Both during the pressure and cermp-

eresrure iQcreoses. there were evidences of the transition to the hex-

agonal state. The sample Was left in the vicinity of the melting curvQ

for two days, during which time no further change was observed, so the

selenium us completely in the metallic state before melting took place.

The asae type of bhgior was noted by Bridgman.
1 2

The melting twqerature of SelonLum rises quite rapidly for a

tietalli: substAnce, rising somea 1806C xa 10,000 bars, as may be seen

in figure 6. Here the curvature with pressure Is quite apparent. The

masurments vewnt smoothly, in a single run. The melting point at

*tmospherkc pressure was determined on the sample, after the completion

L9est "I orp
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of the high pressure run. There to cue other point which vee approxu-

wately taken, but is not shown. TIts w•s ac a higher temperature (412°C).

l eak in the system prevented en accurate determinatiou of the pressure,

bvt we could determine chat the point was is good agreement with those

taken at lower pressurej. aid thdt no new form had been found. It was

not deemed worthwhile to act up the apparatus again for one point,

At the higher temperatures there in some tendency for kerosene to

crack, .o the points were taken very rapidl, with no time being taken

to atcempt to determine the change of volume on melting. At the lover

pressures these were. IJetej•sined, and showed a vtry slight rounding of

the carners, indicotlinC come t puritles, but not enough to affect the data.

These date have also beet* fitted to 'a Sion type equation, which is:

1.939
P/11,872 bars = (T'/495 5) -.1 Tin oK

there are no previQo.us. results for comparisen.

The st~andqfd devi.ýtion of theac -noints is 52 bars, or ebcut .1

which Is oout our of error of tempertt. asurement.

SI~h@4ARY

In this report we Lave given a considerable body of detail concerning

our apparatus. This was done in the hope that it might be useful to

someone new, In the field of high pressure work, and could save them

same at the time that ie have had to invest in details. Unfortunately

pressure techniques of the type presented here vemain transmitted too

uaacb on a word of umxih proposition, and there Is a considerable body of

knowledoii of techniques, any aea of which is not worth publishing, but

Bet'r COPY



collectively are quite Iruportarat. We Iwpe we have helped alleviate this

s ituotion.

The mnelt~ing studies on two metals are described, as being typical

of the experience encountered, and equations given which enable anyone

to calculate the melting pressure of these substances at any tmiperature

to pressures of 10,000 bars.~
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Duoe te a regretably lack of reprints, of the article mentiened In

the body ef the foregoing technical repert, nM copies are laking in

this respect, as this ome is. The article is given in ICevo C1c IUnstro 119

219 (1960), a drawing of the seals is given in the neat figupe, and des-

euibed belew.

The seal abown in the follo•ing drawing consists of four parts: tPh

top ring is an extractor ring, and plays no part in the actual operation

of the sel The next ring is an 0 ring, •hdich providas an initial &ea

against pressure of vacuum. The following ring is teflon, or nyLeon for

a back up ring, The last ring is the ring *ich becemes effective at high

pressureso It is initially square in croso section, as show, but at the

pressure is raised this last ring starts to flow plastically against the

shoulder, giving the sal type of unrepported area seal,

In our expsrioxacc• to 2.0,000 bara, brass is satisfactory to 200oC,,

If the 0 ring forms an initial seal, this seal deae int lesk as the

pressure is raised.


